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(57) ABSTRACT

According to one embodiment, a sensor for detecting a
target substance in gas a sample includes a target substance
uptake unit that brings an acetylcholine aqueous solution
into contact with a gas sample to dissolve a target substance
in the gas sample 1nto the acetylcholine aqueous solution, a
reaction unit that holds acetylcholinesterase and brings the
solution delivered from the target substance uptake unit 1nto
contact with the acetylcholinesterase, and a detection unit
that measures a change in an amount of acetylcholine
decomposition product produced in the solution delivered
from the reaction unit.
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SENSOR, DETECTION METHOD, REAGENT
AND KIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2020-154717,

filed Sep. 15, 2020, the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a sen-
sor, a detection method, a reagent, and a Kkit.

BACKGROUND

A sensor and a detection method for detecting a target
substance are required to detect the target substance with
high sensitivity.

An object of the present invention 1s to provide a sensor
and a detection method that are capable of detecting a target
substance with higher sensitivity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view showing an example of a
sensor according to a first embodiment.

FIG. 2A 15 a schematic view showing a change over time
of a cumulative amount of acetylcholine decomposition
product produced when acetylcholine 1s continuously sup-
plied 1n a fixed amount 1n a mixed system of acetylcholine
and acetylcholinesterase.

FIG. 2B 1s a schematic view showing a change over time
of a cumulative amount of acetylcholine decomposition
product produced when limonene 1s added to the mixed
system shown 1n FIG. 2A at time t.

FIG. 3 1s a view showing an inhibitory effect of limonene
on the acetylcholine decomposition reaction of acetylcho-
linesterase.

FIG. 4 1s a schematic cross-sectional view showing a
detection unit of the first embodiment.

FIG. 5 1s a schematic view showing an example of a
sensor of a second embodiment.

FIG. 6 1s a flowchart showing an example of a detection
method according to a third embodiment.

FIG. 7 1s a flowchart showing an example of a detection
method according to a fourth embodiment.

FIG. 8 1s a block diagram showing an example of a target
substance detection device according to a fifth embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, a sensor for
detecting a target substance 1n gas a sample comprises a
target substance uptake unit that brings an acetylcholine
aqueous solution 1nto contact with a gas sample to dissolve
a target substance in the gas sample nto the acetylcholine
aqueous solution, a reaction unit that holds acetylcholinest-
crase¢ and brings the solution delivered from the target
substance uptake unit mnto contact with the acetylcholinest-
erase and a detection unit that measures a change 1n an
amount of acetylcholine decomposition product produced 1n
the solution delivered from the reaction unait.

Hereinafter, various embodiments will be described with
reference to the drawings. Each figure 1s a schematic view
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2

for promoting understanding of the embodiment, and 1ts
shape, dimensions, ratio, etc., may differ from the actual

ones, but these can be appropriately modified in consider-
ation of the following explanation and known techniques.

In the present specification, a term “gas sample™ refers to
a sample made of a gaseous target substance, or a sample
having a target substance in the state of a gas, a liquid, an
aerosol, or a particulate substance typified by PM2.0 mixed
with a gas.

First Embodiment

A sensor according to the first embodiment 1s a sensor for
detecting a target substance 1n a gas sample. As shown 1n
FIG. 1, a sensor 1 includes a target substance uptake unit 3,
a reaction unit 5 connected to a conduit 4 extending from the
target substance uptake unit 3, and a detection unit 7
connected to a conduit 6 extending from the reaction unit 5.
As will be described in detail later, the target substance in the
gas sample 1s taken 1nto an acetylcholine aqueous solution 1n
the target substance uptake umit 3, and the aqueous solution
1s taken from the target substance uptake unit 3, passing
through the respective conduits 4 and 6, and delivered to the
reaction unit 5 and the detection unit 7 in this order.

The target substance uptake unit 3 includes a container 9
holding an acetylcholine aqueous solution 15. A conduit 10
for a gas sample 1s connected to the container 9. A pump 11
1s interposed in the conduit 10. By driving the pump 11, a
gas sample 13 indicated by the arrow, which may contain the
target substance, 1s delivered to the container 9 through the
conduit 10. The gas sample 13 delivered to the container 9
comes 1nto contact with the acetylcholine aqueous solution
15 1n the container 9. At this time, when the gas sample 13
contains the target substance, the target substance 1s incor-
porated into the acetylcholine aqueous solution 15.

The contact between the gas sample 13 and the acetyl-
choline aqueous solution 15 can be carried out by bubbling,
for example, by blowing the gas sample 13 into the acetyl-
choline aqueous solution 15 as shown in FIG. 1. Further,
another method may be used, for example, by spraying the
gas sample 13 on the liquid surface of the acetylcholine
aqueous solution 15.

The acetylcholine aqueous solution 15 in contact with the
gas sample 13 1s delivered from the target substance uptake
unit 3 to the reaction unit 5 through the condwt 4. The
reaction unit 5 icludes a reaction vessel 17 to which the
conduit 4 1s connected. The reaction vessel 17 1s a vessel that
can hold a liqud, for example, acetylcholinesterase 18 1s
immobilized and held. A heater 22 for heating the solution
1s provided on the outer peripheral surface of the reaction
vessel 17. In the reaction vessel 17, the acetylcholine
aqueous solution 15 delivered from the target substance
uptake unit 3 and acetylcholinesterase are brought into
contact with each other. When the target substance 1s con-
tained 1n the acetylcholine aqueous solution 15 at this time,
acetylcholine, acetylcholinesterase, and the target substance
coexist 1 the reaction vessel 17. The solution 19 that has
passed through the reaction vessel 17 1s delivered from the
reaction vessel 17 to the detection unit 7 through the conduit
6.

Heremaftter, the chemical reaction of acetylcholine, ace-
tylcholinesterase, and the target substance in the reaction
vessel 17 will be described 1n detail.

First, when acetylcholinesterase and acetylcholine coexist
in the absence of a target substance, the acetylcholine
decomposition reaction represented by the following chemi-
cal formula (1) proceeds.
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Formula (1)

A
O/\/ N PO Acetylchmlineh

Acetylcholine esterase
‘ O
N, + )‘I\
-~ / OH OH
. Acetic
Choline i d

From the above formula (1), it can be seen that when a
certain amount of acetylcholine 1s continuously supplied, an
acetylcholine decomposition product (that 1s, choline and
acetic acid) 1s produced in an amount commensurate with
the amount of acetylcholine supplied (see FIG. 2A).

The reaction of the above formula (1) 1s a chemical
reaction 1n which acetylcholine acts as a substrate and
acetylcholinesterase acts as an enzyme. In general, 1t 1s
known that a chemical reaction using an enzyme 1s inhibited
by a specific chemical substance for each enzyme, and the
reaction rate 1s reduced or the reaction 1s stopped. The
chemical substance 1s hereinafter referred to as an “inhibi-
tor”. Here, 1n the mixed system of acetylcholinesterase and
acetylcholine shown 1n FIG. 2A, when the imnhibitor starts to
be contained from time t, the cumulative amount of acetyl-
choline decomposition product after time t changes, that 1s,
the slope of the graph decreases (see FIG. 2B). Therefore, by
monitoring the decomposition rate of acetylcholine in the
mixed system, 1t 1s possible to detect whether or not an
inhibitor 1s present 1n the mixed system.

Acetylcholinesterase can be immobilized 1n the reaction
vessel 17 by a granular immobilization method, a liquid
immobilization method, or the like. Any acetylcholinest-
erase can be used. For example, acetylcholinesterase derived
from electric eel can also be used. In addition, acetylcho-
linesterase way be an apoenzyme or a holoenzyme. When
the acetylcholinesterase 1s an apoenzyme, a corresponding,
cofactor 1s contained in the acetylcholine aqueous solution
15, and the cofactor 1s supplied to the reaction vessel 17
holding the acetylcholinesterase.

Further, 1n the enzymatic reaction represented by the
above formula (1), it 1s preferable that the reaction vessel 17
1s heated by the heater 22 and the acetylcholinesterase 1n the
reaction vessel 17 1s further activated at around 37° C.

Although acetylcholinesterase 1s previously immobilized
in the reaction vessel 17 of the reaction unit 5, an acetyl-
cholinesterase aqueous solution may be held 1n another
supply system and the acetylcholinesterase aqueous solution
may be supplied to the reaction vessel 17.

The target substance to be detected by the sensor accord-
ing to the present embodiment 1s an inhibitor against the
acetylcholine decomposition reaction of acetylcholinest-
crase. Examples of this inhibitor include limonene. As
shown 1n FIG. 3, 1t has been confirmed that the addition of
limonene to the mixed system of acetylcholine and acetyl-
cholinesterase reduces the pH change rate of the mixed
system. As will be described later, the reduction 1n the pH
change rate of the mixed system indicates that the decom-
position rate of acetylcholine has decreased, and that limo-
nene 1s an inhibitor against the enzyme acetylcholinesterase.
Examples of the inhibitor other than limonene against the
acetylcholine decomposition reaction of acetylcholinest-
erase 1nclude terpenoids such as ambrein and pinene, fla-
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4

vonoids such as luteolin, alkaloids such as galantamine, and
glycosides such as Cynatroside A.

Hereinafter, the structure of the detection unit of the
sensor according to the first embodiment will be described
in detail with reference to FIG. 4.

The detection unit 7 includes a sensing element 20 and an
clectrode tank 37. The sensing element 20 includes a gra-
phene field-eflect transistor (graphene FET). That 1s, the
graphene FET includes a substrate 21, an insulating film 23
arranged on the surface of the substrate 21, graphene 25
arranged on the insulating film 23, a sensitive film 27
arranged on the graphene 25, a source electrode 29 con-
nected to one end of the sensitive film 27, a drain electrode
31 connected to the other end of the sensitive film 27, and
a protective film 33 covering the substrate 21 including the
source electrode 29 and the drain electrode 31. The protec-
tive film 33 1s provided with a rectangular space S above a
main surface 27¢ of the sensitive film 27, and the main
surface 27¢ 1s exposed to the space S. The space S on the
source electrode 29 side 1s connected to the conduit 6 on the
reaction unit 5 side. The space S on the drain electrode 31
side 1s connected to the conduit 35, and the electrode tank 37
1s formed in the middle of the conduit 35. A gate electrode
39 1s arranged 1n the electrode tank 37. The solution 19 that
has passed through the reaction vessel 17 1s delivered to the
space S through the conduit 6 as shown by the arrow, comes
into contact with the main surface 27¢ of the sensitive film
277, passes through the conduit 35 and then through the
clectrode tank 37, comes 1nto contact with the gate electrode
39 therein, and 1s discharged to the outside.

The substrate 21 has, for example, a rectangular plate
shape. The matenial of the substrate 21 1s, for example,
silicon, glass (S1C, etc.), ceramics (SiN, etfc.), a polymer
material, or the like. The substrate 21 may have a laminated
structure 1n which an insulator layer i1s provided on a
conductor layer. The size of the substrate 21 1s not limited,
and for example, the thickness of the substrate 21 can be
about 1 mm. The length and width thereof may be selected
so as to have a desired si1ze according to the application of
the sensor 1.

The sensitive film 27 1s a pH detection element, and 1s an
ion-sensitive film made of, for example, S10,, SiN, or a
metal oxide film such as Al,O,; or Ta,O;. However, the
sensitive 11llm 27 1s not limited to the pH detection element,
and other elements that detect changes in physical properties
due to binding or proximity to acetylcholine or its decom-
position product may be adopted. As materials constituting
other elements, for example, carbon materials such as gra-
phene, diamond, or carbon nanotubes; layered compounds
such as molybdenum disulfide (MoS,) or tungsten disele-
nide (WSe,), titanium disulfide (11S,), or phosphorus (P); or
clectrochemically stable materials 1n a water oxidation-
reduction region such as gold (Au), platinum (Pt), or silver
(Ag) can be used. The sensitive film 27 may be, for example,
at least a single atomic layer, but may be a plurality of layers.
Alternatively, the sensitive film 27 may have the shape of
nanowires or nanotubes.

The desired length of the sensitive film 27 can be selected
as desired according to the application, but the length from
one end on the source electrode 29 side to the other end on
the drain electrode 31 side may preferably be, for example,
from 10 nm to 1 mm. Here, assuming that a direction from
the source electrode 29 side to the drain electrode 31 side 1s
a first direction, and a direction orthogonal to the first
direction, 1n which the detection unit 7 1s viewed 1n cross
section, 15 a second direction, 1t 1s preferable that the
sensitive film 27 1s formed so that the length of the main
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S

surface 27¢ 1n the second direction 1s longer than the length
ol the upper rectangular space S in the second direction, or
the length of the space S 1n the second direction and the
length of the main surface 27¢ 1n the second direction are
equal. With such a configuration, the ratio of the laminated
portion of the sensitive film/channel portion that comes 1nto
contact with the solution in the second direction can be
increased, and the detection sensitivity can be improved.

As shown below, the effect of the dimensions of the
sensitive film 27 described above has been confirmed by
manufacturing sensors A and B and comparing detection
sensitivity between both the sensors.

The sensor A includes a substrate, a rectangular sensitive
film made of graphene having a length of 30 um 1in the
second direction, a source electrode connected to one end of
the sensitive film, a drain electrode connected to the other
end of the sensitive film, and an msulating film covering
cach electrode and having a rectangular space above the
sensitive 1ilm, the space having a length in the second
direction of 34 um.

The sensor B includes a substrate, a rectangular sensitive
film made of graphene having a length of 30 um in the
second direction, a source electrode connected to one end of
the sensitive film, a drain electrode connected to the other
end of the sensitive film, and an nsulating film having a
rectangular space above the sensitive film covering each
clectrode, the space having a length 1n the second direction
of 10 um.

A current value tlowing between the gate electrode and
the drain electrode has been measured using the sensors A
and B. As samples, solutions with different concentrations of
chlorine 10ns are held on each of the sensors, and the amount
of change in the current value before and after replacement
of the samples has been calculated.

As a result, the current value of the sensor A has changed
by about 10%. On the other hand, the current value of the
sensor B has changed by about 4%, and 1t has therefore been
confirmed that the use of the sensor A provides about twice
the amount of change in the current value of the sensor B.
Therefore, 1t has been confirmed that by forming the sensi-
tive film so that the length of the main surface of the
sensitive film in the second direction 1s longer than the
length of the rectangular space above the sensitive film 1n the
second direction or so that the length of the space 1n the
second direction and the length of the main surface of the
sensitive film in the second direction are equal, the detection
sensitivity as a sensor can be improved.

The materials of the source electrode 29, the drain elec-
trode 31, and the gate electrode 39 are, for example, a metal
such as gold (Au), silver (Ag), copper (Cu), palladium (Pd),
platinum (Pt), nickel (N1), titanium ('11), chromium (Cr), or
aluminum (Al); or a conductive substance such as zinc oxide
(ZnO), indium tin oxide (ITO), IGZ0O, or a conductive
polymer.

The insulating film 23 and the protective film 33 are
formed of, for example, an insulating material. The nsulat-
ing material 1s, for example, ceramics such as an oxide film
or a nitride f1lm; or an 1nsulating polymer such as polyimide.

The graphene FET constituting the sensing element 20
can be manufactured by a semiconductor process. For
example, 1t can be manufactured as follows.

First, the msulating film 23 for preventing electric dis-
charge 1s formed on the substrate 21. This step may be
omitted when the substrate 21 itself 1s insulating.

Next, the graphene 23 1s formed on the msulating film 23.
As a method of forming graphene, for example, transier
from graphite or a CVD method can be used. When transfer
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6

or the like 1s used, graphene having a pattern formed by a
printing technique or the like may be laminated. The gra-
phene 1s then patterned. In this patterning step, a base for
forming graphene may be formed in advance, and then
graphene 25 may be selectively formed by, for example, the
CVD method or the like.

Further, after the graphene 25 1s formed, the source
clectrode 29 and the drain electrode 31 are formed at both
ends of the graphene 25. Thereafter, the sensitive film 27 1s
formed on the graphene 25, and the protective film 33 1is
further formed on the surface of the substrate 21 so as to
cover the source electrode 29 and the drain electrode 31. The
protective film 33 processes the space S and the like by using
lithography. The space S and the like may be formed by
lift-oil using a sacrificial layer or the like.

In addition to the sensing element 20, the detection unit 7
further includes, for example, a circuit including a power
supply that applies a voltage between the source electrode
29 and the drain electrode 31, and to the gate electrode 39,
and an ammeter that measures a current value flowing
between the source electrode 29 and the drain electrode 31
(neither 1s shown). These may be provided, for example, 1n
the substrate 21. The detection unit 7 may also include a pad
clectrode connected to the source electrode 29 and the drain
clectrode 31. Further, one sensing element or a plurality of
sensing elements may be arranged on one substrate 21.

Hereinatter, the operation of the detection unit including
the graphene FET described above will be described in
detail.

In the first embodiment, the sensitive film 27 1s a pH-
sensitive film, and the surface potential of the sensitive film
2’7 changes according to the pH value of the solution 19 that
has passed through the reaction vessel 17. Further, the
surface potential of the sensitive film 27 can also be changed
by the gate electrode 39. The surface potential of the
sensitive 11lm 27 also changes the potential of the graphene
25 1n contact with the sensitive film 27. When the power
supply applies a constant voltage between the source elec-
trode 29 and the drain electrode 31 that are arranged at the
ends of the graphene 25, the current value tlowing through
the graphene 25 according to the potential given to the
graphene 25 changes depending on the potential of the
sensitive {1lm 27. Based on this change in the current value,
the presence/absence of the target substance in the gas
sample described later 1s detected.

In the present embodiment, since the flow rate of the
sensor 1 1s set to be a constant amount per unit time, the
supply amount of acetylcholine to the reaction unit 3 per unit
time 1s constant. In such sensor 1, when the target substance
1s not contained in the sample, an amount of acetylcholine
decomposition product produced 1n the reaction unit 5 is
constant per unit time, so that the pH value of the solution
19 delivered from the reaction unit 3 1s also constant. As a
result, the surface potential of the sensitive film 27, which 1s
a pH-sensitive film, shows a constant value, and the current
value flowing through the graphene 235 in contact with the
sensitive film 27 1s also constant.

On the other hand, when the target substance 1s contained
in the gas sample, the target substance nhibits the acetyl-
choline decomposition reaction, so that an amount of acetic
acid, which 1s an acetylcholine decomposition product,
decreases, resulting 1n an increase 1 the pH value of the
solution 19. The change 1n the pH value of the solution 19
changes the surface potential of the sensitive film 27,
causing a change in the potential of the graphene 25 1n
contact with the sensitive film 27. The change in the
potential of the graphene 25 1s measured by an ammeter as




US 11,859,235 B2

7

a change 1n the current value between the source electrode
29 and the drain electrode 31.

The detection umt 7 of the sensor 1 i1s not limited to the
graphene FET, and may include, for example, another
charge detection element, an ion-selective field effect tran-
sistor (ISFET), a CCD, another pH detection element, a
glass electrode, and the like. However, since the graphene
FET 1s a sensing element that has high mobility and can
measure with high mobaility, even when the surface potential
change of the sensitive film 27 due to the change in pH value
1s small, the graphene FET can detect it as a large change 1n
the current value, and can provide a more sensitive sensor.

According to the first embodiment described above, by
monitoring the change of the produced amount of the
acetylcholine decomposition product 1n the enzymatic reac-
tion between acetylcholine and acetylcholinesterase at the
detection unit 7, the presence/absence of the target substance
in the gas sample and the amount of the target substance
according to the magnitude of the change amount can be
detected with high accuracy. In particular, even when the
target substance 1s a substance having difhiculty of causing
change 1n physical properties of the sensitive film 27 as 1t 1s,
for example, a substance having high hydrophobicity or a
substance having no or little polarity, the sensor according to
the first embodiment can detect even such a substance, with
high sensitivity by detecting the enzymatic reaction inhibi-
tory eflect of the target substance.

Conventionally, as a sensor for detecting a target sub-
stance, a sensor for detecting a target substance which 1s an
inhibitor against an enzymatic reaction between acetylthio-
choline and acetylcholinesterase has been known. Such a
sensor has optically detected a target substance by absor-
bance measurement or the like, by decomposing the sub-
strate acetylthiocholine by the enzyme acetylcholinesterase
to produce thiocholine, and then allowing thiocholine to
react with DTNB (3,5'-dithiobis (2-nitrobenzoic acid)) to
develop color.

However, even when DTNB for a color-developing reac-
tion 1s applied to choline and acetic acid generated by the
enzymatic reaction between acetylcholine and acetylcholin-
esterase as 1n the first embodiment, color development does
not occur. Theretore, 1t has been diflicult for conventional
sensors to detect the presence of an inhibitor, that 1s, a target
substance, 1n the enzymatic reaction between acetylcholine
and acetylcholinesterase. Further, conventionally, thiocho-
line do not have suflicient enzyme selectivity, and 1t has
sometimes been decomposed by an enzyme other than
acetylcholinesterase, such as butyrylcholinesterase. When
an enzyme, other than acetylcholinesterase, that can decom-
pose thiocholine 1s mixed into a sample or the like as an
impurity, thiocholine 1s decomposed even 1f the enzyme
reaction of acetylcholinesterase 1s inhibited by the target
substance, so that there has been a risk that the reaction
inhibitory effect of the target substance 1s not confirmed,
failling to detect the target substance.

In the first embodiment, acetylcholine 1s used as a sub-
strate for an enzymatic reaction to detect the inhibitory etiect
ol a target substance. Acetylcholine has high enzyme selec-
tivity, so that the influence of degrading enzymes other than
acetylcholinesterase (e.g., butyrylcholinesterase) can be
reduced. As a result, the target substance can be detected
with higher accuracy than the conventional detection
method using thiocholine.

Further, as compared with a configuration of the sensor 1
in which an acetylcholinesterase aqueous solution 1s held 1n
another supply system and the acetylcholinesterase aqueous
solution 1s supplied to the reaction vessel 17, the configu-
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ration of the sensor 1 1n which the acetylcholinesterase 1s
immobilized 1n the reaction unit 5 can reduce the amount of
acetylcholinesterase used by using the sensor 1 because
there 1s no outflow of acetylcholinesterase. In addition, the
number of parts of the sensor 1 can be further reduced by not
providing another supply system. That 1s, the sensor 1
having a configuration 1 which acetylcholinesterase 1s
immobilized i the reaction unit 5 i1s preferable in that
simpler measurement can be performed and cost can be
reduced during manufacturing and use.

On the other hand, as compared with the configuration of
the sensor 1 1in which acetylcholinesterase 1s immobilized 1n
the reaction unit 3, the configuration of the sensor 1 1n which
the acetylcholinesterase aqueous solution 1s held in another
supply system and the acetylcholinesterase aqueous solution
1s supplied to the reaction vessel 17 1s preferable 1n that it 1s
casier to handle when the sensor 1 1s reused. This 1s because
even when acetylcholinesterase 1s mnactivated by the inhibi-
tory efl

ect of the target substance, an operation of reactivat-
ing the acetylcholinesterase or an operation of replacing the
immobilized acetylcholinesterase can be omitted by supply-
ing unreacted acetylcholinesterase to the reaction unit 3.

Second Embodiment

A sensor according to the second embodiment will be
described with reference to FIG. 5.

A sensor 1 includes a target substance uptake unit 3, a
reaction unit 5 connected to a conduit 4 extending from the
target substance uptake unit 3, a liquid supply unit 41
connected to the reaction unit 5 through a conduit 47, and a
detection unit 7 connected to a conduit 6 extending from the
reaction unit 5.

The target substance uptake unit 3 includes a container 9
holding an acetylcholinesterase aqueous solution 351. A
conduit 10 for a gas sample 1s connected to the container 9.
A pump 11 1s interposed 1n the conduit 10. By driving the
pump 11, a gas sample 13 indicated by the arrow, which may
contain the target substance, 1s delivered to the container 9
through the conduit 10. The gas sample 13 delivered to the
container 9 comes 1nto contact with the acetylcholinesterase
aqueous solution 51 1n the container 9. At this time, when the
gas sample 13 contains the target substance, the target
substance 1s incorporated into the acetylcholinesterase aque-
ous solution 51.

The acetylcholinesterase aqueous solution 51 1n contact

with the gas sample 13 1s delivered from the target substance
uptake unit 3 to the reaction unit 5 through the conduit 4.
The reaction unit 3 includes a reaction vessel 7 to which the
conduit 4 1s connected. The reaction vessel 17 1s a vessel that
can hold a liqud.

The liquid supply unit 41 includes a liquid storage unit 45
holding an acetylcholine aqueous solution 43. The liqud
storage unit 45 1s connected to the reaction vessel 17 through
the conduit 47. A pump 49 1s interposed in the conduit 47,
and by driving the pump 49, the acetylcholine aqueous
solution 43 1n the liquid storage unit 45 1s supplied to the
reaction vessel 17 through the conduit 47. In the reaction
vessel 17, the acetylcholinesterase aqueous solution 31
delivered from the target substance uptake unit 3 and the
acetylcholine aqueous solution 43 delivered from the liquid
storage unit 45 are brought into contact with each other.
When the target substance 1s contained 1n the acetylcholin-
esterase aqueous solution 31 in this time, acetylcholine,
acetylcholinesterase, and the target substance coexist 1n the
reaction vessel 17. The solution 19 that has passed through
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the reaction vessel 17 1s delivered from the reaction vessel
17 to the detection unit 7 through the conduit 6.

The detection unit 7 has a structure similar to that of the
first embodiment described above.

According to the second embodiment having such a
configuration, as in the first embodiment described above,
by monitoring the change 1n the acetylcholine decomposi-
tion product 1n the enzymatic reaction between acetylcholine
and acetylcholinesterase at the detection unit 7, the presence/
absence of the target substance 1n the gas sample and the
amount of the target substance according to the magnitude
of the change amount can be detected with high accuracy. In
particular, even when the target substance 1s a substance
having difliculty of causing change 1n physical properties of
the sensitive film 27 as 1t 1s, for example, a substance having
high hydrophobicity or a substance having no or little
polarity, the sensor according to the second embodiment can
detect even such a substance with high sensitivity by detect-
ing the enzymatic reaction inhibitory eflect of the target
substance.

In the second embodiment, since the acetylcholinesterase
aqueous solution 1s supplied to the reaction unit 1n a contact
state with the target substance, the sensor of the second
embodiment can secure a longer time for contact between
the acetylcholinesterase and the target substance, as com-
pared with the sensor of the first embodiment 1n which the
acetylcholinesterase and the target substance come 1n con-
tact with each other 1n the reaction unit. The longer the time
for contact between the acetylcholinesterase and the target
substance, the more remarkable the imnhibitory effect of the
target substance on the acetylcholinesterase, and thus the
sensor of the second embodiment 1s preferable in that the
target substance can be detected more sensitively.

Third Embodiment

A detection method according to the third embodiment
will be described 1n detail with reference to FIG. 6.

The detection method according to the third embodiment
includes the following steps. (S1) A step of contacting an
acetylcholine aqueous solution with a gas sample, (S2) a
step of mixing and contacting the acetylcholine aqueous
solution 1n contact with the gas sample and acetylcholinest-
erase, and (S3) a step of measuring a change 1n an amount
of acetylcholine decomposition product produced in the
aqueous solution after mixing and contacting.

The gas sample 1s, for example, a gas that 1s expected to
contain the target substance. The gas sample 1s, for example,
the atmosphere, exhaled breath, other gas generated from an
analysis target such as a living body or an object, or air
around the analysis target, but 1s not limited thereto.

The target substance 1s an inhibitor against the acetylcho-
line decomposition reaction of acetylcholinesterase and 1s
contained 1n a gas. The target substance includes a biological
substance, a non-biological substance, an organic com-
pound, an 1morganic compound, or a low molecular weight
compound, and for example, odorants, pheromones, fatty
acids, hydrocarbons, sulfur oxides, artificial fragrances, or
the like. Examples thereotf include terpenoids such as limo-
nene, ambrein, and pinene, flavonoids such as luteolin,
alkaloids such as galantamine, and glycosides such as Cyna-
troside A.

In the step S1, when the gas sample contains a target
substance due to contact between the acetylcholine aqueous
solution and the gas sample, the target substance dissolves 1n
the acetylcholine aqueous solution.
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In the step S2, the acetylcholine aqueous solution in
contact with the gas sample and acetylcholinesterase are
mixed and contacted. When the acetylcholine aqueous solu-
tion comes 1nto contact with acetylcholinesterase, the
decomposition reaction of acetylcholine proceeds. When the
target substance 1s contained 1n this mixed system, the
decomposition rate ol acetylcholine 1s suppressed. Since
acetylcholinesterase acts as a catalyst for reacting specifi-
cally or selectively with acetylcholine, 1t 1s possible to
specifically treat acetylcholine even when the gas sample
contains an impurity. As a result, 1t 1s possible to 1identify the
type of the product obtained after the treatment.

In the step S3, the change 1n the amount of acetylcholine
decomposition product produced in the aqueous solution
alter mixing and contacting 1s measured. The acetylcholine
decomposition product 1s produced by a chemical reaction 1n
which acetylcholine acts as a substrate and acetylcholinest-
erase acts as an enzyme as described in the formula (1) of the
first embodiment. When the target substance 1s not contained
in the gas sample, the amount of acetylcholine decomposi-
tion product produced correlates with the amounts of ace-
tylcholine and acetylcholinesterase. On the other hand, when
the target substance 1s contained 1n the gas sample, the target
substance acts as an inhibitor against the enzyme acetylcho-
linesterase, so that the amount of acetylcholine decomposi-
tion product produced decreases. That 1s, the amount of
acetylcholine decomposition product produced when the
target substance 1s contained in the gas sample 1s smaller
than the amount of acetylcholine decomposition product
produced when the target substance 1s not contained.

Due to the inhibitory eflect of the target substance on
acetylcholine and acetylcholinesterase, a gas sample con-
tamning no target substance 1s determined as a reference
sample. Using this sample as the gas sample in the step S1,
the amount of acetylcholine decomposition product pro-
duced 1s measured according to the steps S1 to S3, and
thereatter, using a gas sample in which the presence of the
target substance 1s unknown, the amount of acetylcholine
decomposition product produced 1s measured according to
the steps S1 to S3. Then, when the amount of acetylcholine
decomposition product produced in the mixed system con-
tacted with the gas sample in which the presence of the target
substance 1s unknown 1s different from the amount produced
in the mixed system contacted with the reference sample, 1t
1s determined that the unknown gas sample contains the
target substance. Here, the change 1n the amount of acetyl-
choline decomposition product produced between the refer-
ence sample and the gas sample 1n which the presence of the
target substance 1s unknown can be measured as, for
example, a change in the pH value, and a change in the
current value using a FET based on the pH value.

Therefore, according to the third embodiment, by moni-
toring the change 1n the acetylcholine decomposition prod-
uct 1n the enzymatic reaction between acetylcholine and
acetylcholinesterase, the presence/absence of the target sub-
stance 1n the gas sample and the amount of the target
substance according to the magnitude of the change can be
detected with high accuracy.

In the third embodiment, steps from S1 to S5 may be
continuously carried out without performing another step
between any of these steps.

Fourth Embodiment

A detection method according to the fourth embodiment
will be described 1n detail with reference to FIG. 7.
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The detection method according to the fourth embodiment
includes the following steps. (S1') A step of contacting an
acetylcholinesterase aqueous solution with a gas sample,
(S2') a step of mixing and contacting the acetylcholinest-
erase aqueous solution in contact with the gas sample and an >
acetylcholine aqueous solution, and (53') a step of measur-
ing a change in an amount of acetylcholine decomposition
product produced 1n the aqueous solution after mixing and
contacting.

In the step S1', when the gas sample contains a target
substance due to contact between the acetylcholinesterase
aqueous solution and the gas sample, the target substance
dissolves 1n the acetylcholinesterase aqueous solution.

In the step S2', the acetylcholinesterase aqueous solution
in contact with the gas sample and the acetylcholine aqueous
solution are mixed and contacted. When the acetylcholin-
esterase aqueous solution comes into contact with the ace-
tylcholine aqueous solution, the decomposition reaction of
acetylcholine proceeds. When the target substance 1s con- 3¢
tained 1 this mixed system, the decomposition rate of
acetylcholine 1s suppressed. Since acetylcholinesterase acts
as a catalyst for reacting specifically or selectively with
acetylcholine, 1t 1s possible to specifically treat acetylcholine
even when the gas sample contains an impurity. As a result, 25
it 1s possible to 1dentify the type of the product obtained after
the treatment.

In the step S3', the change 1n the amount of acetylcholine
decomposition product produced in the aqueous solution
alter mixing and contacting 1s measured. The acetylcholine 30
decomposition product 1s produced by a chemical reaction 1n
which acetylcholine acts as a substrate and acetylcholinest-
erase acts as an enzyme as described in the formula (1) of the
first embodiment. When the target substance 1s not contained
in the gas sample, the amount of acetylcholine decomposi- 35
tion product produced correlates with the amounts of ace-
tylcholine and acetylcholinesterase. On the other hand, when
the target substance 1s contained 1n the gas sample, the target
substance acts as an inhibitor against the enzyme acetylcho-
linesterase, so that the amount of acetylcholine decomposi- 40
tion product produced decreases. That 1s, the amount of
acetylcholine decomposition product produced when the
target substance 1s contained in the gas sample 1s smaller
than the amount of acetylcholine decomposition product
produced when the target substance 1s not contained. 45

Due to the inhibitory eflect of the target substance on
acetylcholine and acetylcholinesterase, a gas sample con-
taining no target substance 1s determined as a reference
sample. Using this sample as the gas sample 1n the step S1,
the amount of acetylcholine decomposition product pro- 50
duced 1s measured according to the steps S1' to S3', and
thereafter, using a gas sample 1n which the presence of the
target substance 1s unknown, the amount of acetylcholine
decomposition product produced 1s measured according to
the steps S1' to S3'. Then, when the amount of acetylcholine 55
decomposition product produced 1n the mixed system con-
tacted with the gas sample 1n which the presence of the target
substance 1s unknown 1s different from the amount produced
in the mixed system contacted with the reference sample, 1t
1s determined that the unknown gas sample contains the 60
target substance.

Here, the change in the amount of acetylcholine decom-
position product produced between the reference sample and
the gas sample 1n which the presence of the target substance
1s unknown can be measured as, for example, a change in the 65
pH value, and a change 1n the current value using a FET
based on the pH value.
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Therefore, according to the fourth embodiment, as
described 1n the third embodiment, by monitoring the
change 1n the acetylcholine decomposition product in the
enzymatic reaction between acetylcholine and acetylcholin-
esterase, the presence/absence of the target substance 1n the
gas sample and the amount of the target substance according
to the magnitude of the change can be detected with high
accuracy.

In the Fourth embodiment, steps from S1' to S5' may be
continuously carried out without performing another step
between any of these steps.

Fifth Embodiment

According to the fifth embodiment, a target substance
detection device 100 including a sensor 1 1s provided, as
shown 1n FIG. 8. The target substance detection device 100
includes, for example, the sensor 1 provided with an amme-
ter 101; a storage unit 105 that stores measurement data 102
of a change 1 an amount of acetylcholine degradation
product produced, being measured by the ammeter 101, an
arithmetic expression 103 for calculating presence/absence
or an amount of a target substance 1n a sample based on the
above data, data on the presence/absence or amount of the
target substance 104, a program P, and the like; a processing
unmt 106 that calculates the presence/absence or amount of
the target substance 1n the sample based on the measurement
data 102 and the arithmetic expression 103; and a display
unit 107.

According to the target substance detection device 100,
for example, a voltage 1s applied between a source electrode
29 and a drain electrode 31 of the sensor 1, and a current
value tlowing between the source electrode 29 and the drain
clectrode 31 when a gas sample containing no target sub-
stance 1s mtroduced into the sensor 1 as a reference sample,
1s measured by the ammeter 101. The measurement data 102
of the current value of the reference sample 1s stored in the
storage unit 105. Next, the current value flowing between
the source electrode 29 and the drain electrode 31 when a
gas sample that may contain a target substance 1s introduced
into the sensor 1 1s measured. The measurement data 102 of
the current value of the gas sample that may contain the
target substance 1s similarly stored in the storage umt 105.
Subsequently, the processing umt 106 takes out the mea-
surement data 102 of the reference sample and the gas
sample that may contain the target substance and the arith-
metic expression 103 from the storage unit 105, calculates
the presence/absence or amount of the target substance 104
in the sample, and then stores the results 1n the storage unit
105. The processing unit 106 1ssues an instruction so as to
display the presence/absence or amount of the target sub-
stance 104 on the display unit 107.

The storage unmit 105, the processing unit 106, and the
display unit 107 of the target substance detection device 100
may be computers. Fach operation of the device may be
performed by an iput of an operator who performs the
detection method, or may be performed by the program P
stored 1n the storage unit.

Sixth Embodiment

According to the sixth embodiment, n a method for
detecting a target substance in a sample, a reagent for
detecting an inhibitory eflfect of the target substance on an
enzymatic reaction 1s provided.

The reagent includes a reagent 200 contaiming acetylcho-
line and a reagent 201 containing acetylcholinesterase. That
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1s, the reagents 200 and 201 are stored separately. The
reagents 200 and 201 further contain a cofactor for acetyl-
cholinesterase as needed.

The reagent 200 or 201 may be provided 1n the form of a
liquid reagent, containing acetylcholine or acetylcholinest-
erase, respectively, 1n a suitable solvent. Examples of the
solvent include water, physiological water, an 1onic liquid,
PB butler, PBS bufler, an organic solvent such as DMSO or
alcohol, or a mixture thereof. The concentration of acetyl-
choline in the liquid reagent 1s not limited, and 1s preferably
equal to or higher than the Michaelis-Menten constant (a
substrate concentration giving half the maximum reaction
rate) of the acetylcholinesterase used, for example, several
mM.

Further, the reagent 200 may be provided in the form of
a powder containing powdered acetylcholine, and the
reagent 201 may be provided in the form of a powder
containing powdered acetylcholinsterase. In that case, they
can be used as liquid reagents by dissolving them in any of
the above solvents or the like before use.

The reagent may contain other components as long as 1t
does not 1nhibit catalytic activity of acetylcholinesterase and
does not aflect sensor detection. Other components can be,
for example, pH regulators, preservatives, stabilizers, and
the like. The reagent can be provided in a suitable container.

The reagent 1s provided, for example, to the sensor of the
second embodiment so that the reagents 200 and 201 are
held 1n the container 9 or the liquid storage unit 45 as an
acetylcholine aqueous solution or an acetylcholinesterase
aqueous solution, respectively.

Seventh Embodiment

According to a further embodiment, a kit including the
sensors according to the first or second embodiments and the
reagents according to the sixth embodiment 1s provided.

Although some embodiments of the present invention
have been described, these embodiments are presented as
examples and not intended to limit the scope of the inven-
tion. These novel embodiments can be implemented in
various other embodiments, and various omissions, replace-
ments, and changes can be made without departing from the
g1st of the invention. These embodiments and modifications
thereot are included 1n the scope and gist of the mnvention,
and are also 1included 1n the scope of the invention described
in the claims and the equivalent scope thereof.

What 1s claimed 1s:
1. A sensor for detecting limonene as a target substance 1n
a gas sample, comprising:

a target substance uptake unit including a container that
holds an acetylcholine aqueous solution, wherein the
target substance uptake umt brings the acetylcholine
aqueous solution 1n the container into contact with the
gas sample to dissolve a target substance in the gas
sample into the acetylcholine aqueous solution;

10

15

20

25

30

35

40

45

50

14

a reaction umt including a reaction vessel that holds
acetylcholinesterase and wherein the reaction vessel 1s
connected to the container of the target substance
uptake unit and the reaction unit brings the solution
delivered from the target substance uptake unit into
contact with the acetylcholinesterase; and

a detection unit connected to the reaction vessel of the
reaction unit, wherein the detection unit measures a
change 1 an amount of acetylcholine decomposition
product produced in the solution delivered from the
reaction unit.

2. A sensor for detecting limonene as a target substance 1n

a gas sample, comprising:

a target substance uptake unit including a container that
holds an acetylcholinesterase aqueous solution,
wherein the target substance uptake unit brings the

acetylcholinesterase aqueous solution 1nto contact with
the gas sample to dissolve a target substance 1n the gas
sample 1nto the acetylcholinesterase aqueous solution;

a supply unit including a liquid storage unit that holds an
acetylcholine aqueous solution,

a reaction unit including a reaction vessel connected to the
container of the target substance uptake unit and the
liquid storage unit of the supply unit, wherein the
reaction unit mixes the solution delivered from the
target substance uptake unit and the acetylcholine aque-
ous solution supplied from the supply unit; and

a detection unit connected to the reaction vessel of the
reaction unit, wherein the detection unit measures a
change 1 an amount of acetylcholine decomposition
product produced in the solution delivered from the
reaction vessel of the reaction unat.

3. The sensor according to claim 1, wherein the acetyl-

cholinesterase 1s derived from electric eel.

4. The sensor according to claim 1, further comprising a
heater for heating the reaction vessel of the reaction unait.

5. The sensor according to claim 1, wherein the detection
unmit comprises a pH detection element.

6. The sensor according to claim 5, wherein the pH
detection element 1s a sensing element for high mobility
measurement.

7. The sensor according to claim 6, wherein the sensing
clement for high mobility measurement i1s a graphene FET.

8. A kit comprising the sensor according to claim 1 and a
reagent containing acetylcholine and a reagent contaiming
acetylcholinesterase.

9. A kit comprising the sensor according to claim 2 and a
reagent containing acetylcholine and a reagent contaiming
acetylcholinesterase.

10. The sensor according to claim 2, wherein the acetyl-
cholinesterase 1s derived from electric eel.

11. The sensor according to claim 2, further comprising a
heater for heating the reaction vessel of the reaction unit.

12. The sensor according to claim 2, wherein the detection
umt comprises a pH detection element.
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